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The  nature  of  one  and  two-photon  absorption  enhancement  in  a  series  of  oligothiophene  dendrimers,  recently 
proposed  for  applications  in  entangled  photon  sensors  and  solar  cells,  has  been  analyzed  using  both  theory 
(time  dependent  density  functional  theory  calculations)  and  experiment  (fluorescence  upconversion  measure¬ 
ments).  The  linear  absorption  spectra  exhibit  a  red  shift  of  the  absorption  maxima  and  broadening  as  a  function 
of  dendrimer  generations.  The  two-photon  absorption  cross  sections  increase  sharply  with  the  number  of 
thiophene  units  in  the  dendrimer.  The  cooperative  enhancement  in  absorption  two-photon  cross  sections  is 
explained  by  (i)  an  increase  in  the  excited-state  density  for  larger  molecules  and  (ii)  delocalization  of  the 
low-lying  excited  states  over  extended  thiophene  chains.  Fluorescence  anisotropy  measurements  and 
examination  of  the  calculated  excited-state  properties  reveal  that  this  delocalization  is  accompanied  by  a 
size-dependent  decrease  in  excited-state  symmetries.  A  substantial  red  shift  of  the  emission  maxima  for  larger 
dendrimers  is  explained  through  the  vibronic  planarization  of  the  longest  linear  a-thiophene  chain  for  the 
emitting  excited  state.  For  higher  generations,  the  fluorescence  quantum  yield  decreases  due  to  increased 
nonradiative  decay  efficiency  (e.g.,  intersystem  crossing).  The  detailed  information  about  the  dendrimer  3D 
structure  and  excitations  provides  guidance  for  further  optimizations  of  dendritic  structures  for  nonlinear 
optical  and  opto-electronic  applications. 


I.  Introduction 

Interest  in  organic  dendritic  structures  grows  intensively  due 
to  recent  advances  in  their  synthesis  and  characterization 
techniques  and  increasing  potential  for  their  applications  in 
modem  technology.*3  Tunability  of  electronic  structure,  optical 
properties,  and  charge  transfer  phenomena  in  these  materials 
with  dendrimer  size,  chemical  compositions,  and  morphology 
indicated  a  broad  potential  of  dendritic  structures  in  many 
different  fields  ranging  from  biology  to  material  science.  Strong 
intrachromophore  interactions,  efficient  energy  transfer,  charge 
delocalization  and  migration  through  the  structural  design  of 
dendritic  architecture  are  liable  for  enhanced  nonlinear  optical 
properties  (especially  two-photon  absorption  (TPA)  cross  sec¬ 
tions)  in  comparison  to  their  linear  counterparts.2’*12  Conse¬ 
quently,  organic  dendrimers  have  been  actively  investigated  as 
new  artificial  light  harvesting  and  solar  energy  conversion 
devices,1*25  as  promising  materials  for  organic  electronics, 2-26-32 
and  nonlinear  optical  applications,  such  as  3D  microfabrication,33 
multiphoton-microscopy,34  optical  power-limiting35  and  sens¬ 
ing,36,37  and  optical  signal  processing.38-40  A  detailed  compre¬ 
hensive  review  of  properties  of  organic  dendrimers  and  ap¬ 
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plications  of  those  in  sensing,  catalysis,  molecular  electronics, 
photonics,  and  nanomedicine  can  be  found  in  ref  3. 

Theoretical  investigations  of  the  excited-state  phenomena 
provide  explicit  information  about  the  nature  of  charge  transfer 
and  the  degree  of  excited-state  delocalization  in  dendritic 
structures.  However,  owing  to  their  molecular  structure  com¬ 
plexity  and  large  sizes,  ab  initio  computations  of  excitations  in 
dendrimers  are  still  rather  challenging.  Because  of  increase  of 
the  excited-state  density  with  increasing  dendrimer  generation, 
the  effective  few-state  models  are  harder  to  derive,  although 
some  examples  have  been  successfully  applied29,30  to  calculate 
nonlinear  responses  in  branched  organic  chromophores.  Effec¬ 
tive  excitonic  Hamiltonian  models  are  often  used  to  describe 
charge  transfer  features  in  the  self-similar  planar  branched 
molecules  and  dendrimers,41-44  however,  they  are  not  readily 
applicable  for  the  supramolecular  calculations  of  the  systems 
with  strong  covalent  bonding  and  high  geometrical  disorder. 
Approximations  to  the  excitation  energies  are  often  done  through 
the  ground-state  calculations  by  analyzing  the  frontier  molecular 
orbitals.  For  example,  ground-state  electronic  structure  and 
vibrational  spectra  of  the  cyclic  polythiophenes  have  been 
studied  by  density  functional  theory  (DFT)  methods45  and  have 
revealed  that  due  to  high  torsional  disorder,  the  HOMO— LUMO 
gap  of  these  materials  decreases  with  the  ring  size,  and  for  some 
species  can  be  smaller  than  that  of  linear  poly  thiophenes. 
However,  sophisticated  electronic  correlations  in  the  dendritic 
structures  sensitive  to  geometry  distortions  and  interactions 
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Figure  1.  General  scheme  and  optimized  ground-state  geometries  of  the  SI— S3  molecules.  The  next  dendrimer  generation,  S4  (not  shown),  which 
has  90  thiophene  units,  has  been  synthesized  and  characterized  experimentally  as  well.37 


between  branches,  require  more  advanced  methods  for  descrip¬ 
tion  of  linear  and,  especially,  nonlinear  spectroscopies  of  these 
materials. 

Among  several  organic  chromophores  utilized  for  synthesis 
of  dendritic  structures,  thiophenes  or  oligothiophenes  find  a 
unique  place  owning  to  their  well-established  and  versatile 
chemistry,1  high  stability,  easy  processing,  unique  self-as¬ 
sembling  properties,  charge  transport  and  applications  in  organic 
light-emitting  diodes,46-47  field  effect  transistors,48-49  chemo-  and 
biosensors,50  light-harvesting  devices  and  as  solar  cells.51  A 
detailed  review  of  synthesis,  properties,  and  applications  of 
functionalized  oligothiophene-based  structures  can  be  found  in 
ref  1 .  Fundamental  mechanism  behind  oligothiophene  applica¬ 
tions  in  light  harvesting,  solar  energy  conversion,  and  organic 
electronics  have  been  intensively  investigated  in  the  literature.52-54 
For  example,  anomalous  excitation  energy  transfer  through 
torsional  relaxation  in  the  polythiophene  derivative  of  poly- 
[3-(2,5-dioctylphenyl)thiophene]  (PDOPT)  has  been  reported.55 

Bauerle  and  co-workers  have  synthesized56  space-filling  3D- 
functionalized  oligothiophene  dendrimers  (Figure  1)  for  ap¬ 
plications  such  as  light  harvesting,  solar  energy  conversion,  and 
optoelectronics.  Our  recent  publications36  have  shown  the 
capability  of  these  dendrimeric  materials  to  act  as  sensors  of 
entangled  photons,  which  allows  possible  applications  in 
quantum  lithography,  imaging,  and  computing  applications. 
Efficient  excitation  delocalization  and  excitation  energy  transfer 


are  necessary  for  the  organic  materials  to  mimic  natural  light¬ 
harvesting  systems  and  conversion  of  solar  energy,  and  large 
electron  mobilities  are  needed  in  OLED  applications.  We  have 
observed36-37  a  superlinear  increase  in  TPA  cross-section  with 
an  increase  in  dendron  and  dendrimer  generation,  which  is 
ascribed  to  an  increasing  degree  of  excitation  delocalization  with 
dendrimer  generation.  As  a  result,  these  materials  are  considered 
to  be  suitable  building  blocks  for  energy  harvesting  and  NFO 
applications.  Time-resolved  measurements  on  these  dendrimers 
as  a  function  of  generation  can  be  used  to  determine  the  extent 
of  excitation  delocalization  and  energy  transfer  processes,  which 
are  needed  to  evaluate  their  capabilities  in  optical  applications. 

In  this  work,  the  energy  dynamics  of  these  thiophene-based 
materials  are  systematically  investigated  by  time-resolved 
fluorescence  methods  and  time-dependent  density  functional 
theory  (TD-DFT).  Although  there  are  myriad  of  investigations 
of  ultrafast  excited-state  deactivation  of  polythiophenes  or 
oligothiophenes  by  pump— probe  spectroscopy,52-57-58  limited 
amount  of  results  are  obtained  from  femtosecond  time-resolved 
fluorescence.59-61  Kobayashi  and  co-workers  have  investigated61 
the  chain-length  dependence  of  time-resolved  fluorescence  of 
oligothiophenes  and  have  shown  that  the  initial  fluorescence 
anisotropy  was  around  0.2  to  0.3.  Time-resolved  fluorescence 
measurements  have  been  carried  out  on  Si-connected  branched 
thiophenes  by  Majima  and  co-workers  62,63  In  a  previous  work, 
we  have  carried  out  fluorescence  upconversion  measurements 
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“  Experimental  and  calculated  vertical  transition  energies  of  the  lowest,  Ee,  eV  (nm),  and  higher  energy,  Ec\  eV  (nm),  OPA  allowed 
excited-states  (the  oscillator  strengths  for  these  states  are  larger  than  0.5);  energy  of  the  peak  of  the  fluorescence  band  £|5F,  eV  (nm);  transition 
dipole  moments  to  the  lowest  OPA  excited  state,  ^tge  (D),  and  to  the  higher  energy  OPA  excitation,  ^ge  (D);  transition  dipole  moments  between 
the  ground  and  optimized  excited  state,  (m6*”)  which  defines  the  radiative  decay  rate;  the  last  two  columns  provide  information  about 
fluorescence  anisotropy  decay  rates,  /■( 0)  and  r(°°).  b  Experimental  data  from  ref  37. 


on  macrocylic  thiophene  networks7  with  cavities  in  nanometer 
size  regime  and  have  shown  that  the  excitation  is  delocalized 
over  the  entire  ring.  Femtosecond  fluorescence  decay  and 
anisotropy  decay  has  been  utilized  by  us2,10'64  and  others60  to 
probe  the  phenomenon  of  excitation  delocalization  and  energy 
transport  in  several  branched,  macromolecular  and  dendritic 
archtitecture  NLO  materials.  In  this  paper,  time-dependent 
density  functional  theory  (TD-DFT)  in  combination  with  quasi¬ 
particle  formalism  for  nonlinear  optical  polarizabilities  is 
performed  with  the  goal  of  providing  further  evidence  of 
excitation  delocalization  and  symmetry-breaking.  In  particular, 
we  estimate  the  spatial  extent  and  parity  of  the  optical  excitations 
in  the  dendrimer  molecule,  observe  the  photoinduced  energy 
funneling  for  the  higher-lying  excited  states,  and  elucidate  the 
mechanisms  of  excitation  dynamics  through  fast  and  slow 
anisotropy  decay  traces  and  TD-DFT  calculations.  We  reveal  a 
systematic  increase  of  excited-states  delocalization  with  the  size 
of  the  dendrimer,  which  explains  the  origins  of  the  cooperative 
enhancement  for  the  nonlinear  optical  signals. 

II.  Materials  and  Methods 

A.  Materials.  The  thiophene  dendrimers  investigated  in  this 
work  were  synthesized  by  an  iterative  divergent/convergent 
method  starting  from  a  trimethylsilyl  (TMS)-protected  branched 
terthiophene.56  A  solvent  of  tetrahydrofuran  (THF,  Sigma- 
Aldrich,  99.9%  purity)  was  used  for  thiophene  dendrimer  liquid 
samples.  Details  on  synthesis  and  sample  preparation  can  be 
found  in  ref  36.  The  optical  density  for  the  solutions  prepared 
was  controlled  by  concentration.  Steady-state  absorption  experi¬ 
ments  were  performed  using  an  Agilent  8341  UV/vis  spectrom¬ 
eter  and  fluorescence  measurements  with  a  Jobin  Yvon  -  SPEX 
Fluoromax-2  spectrometer  and  are  reported  in  detail  elsewhere36,37 
and  included  in  Table  1  of  the  current  work.  To  measure  the 
two-photon  absorption  cross  sections  (TPACS,  o2),  the  two- 
photon  excited  fluorescence  (TPEF)  method  has  been  employed. 
A  10  4  M  Coumarin  307  solution  in  methanol  was  used  as  the 
reference  material.  A  mode-locked  Ti:Sapphire  laser  (Spectra- 
Physics  MaiTai  HP,  100  fs,  80  MHz)  was  used  to  produce  an 
excitation  wavelength  over  the  range  of  700—850  nm. 

B.  Time-Resolved  Fluorescence  Measurements.  Details  of 
the  fluorescence  upconversion  experiment  (Figure  2)  have  been 
reported  in  detail  elsewhere.64  Briefly,  the  second  harmonic  of 
the  output  from  a  Ti:Sapphire  oscillator  (Spectra-Physics 
Tsunami,  770—830  nm,  <  80  fs)  is  used  as  the  excitation  beam, 
while  the  residual  fundamental  passes  through  a  variable  delay 
line.  Horizontally  polarized  fluorescence  from  the  sample  is 
combined  with  the  time-delayed  fundamental  at  a  nonlinear 
BBO  crystal  to  produce  a  time-resolved  fluorescence  kinetic 
trace.  Polarization  of  the  excitation  beam  is  controlled  by  a 
Berek  compensator.  The  sample  is  contained  in  a  1  mm  rotating 
sample  cell.  Kinetic  traces  were  obtained  using  6.25,  62.5,  and 


Figure  2.  Depiction  of  the  fluorescence  upconversion  experiment  (CDP 
systems  FOG- 1000). 

625  fs  steps,  corresponding  to  short,  medium,  and  long  time 
scans.  The  instrument  response  function  (IRF)  was  measured 
using  the  Raman  scattering  of  water.  From  a  Gaussian  fit  of 
the  Raman  scattering,  a  full-width  half-maximum  of  231  fs  was 
obtained.  Subsequent  fits  of  the  time-resolved  fluorescence  data 
did  not  constrain  the  IRF,  however,  the  FWHM  were  all  found 
to  be  within  error  (±10  fs)  of  this  value. 

Parallel  (/par)  and  perpendicular  (7per)  decay  traces  were 
collected  at  the  fluorescence  maxima  of  the  respective  den¬ 
drimers,  as  well  as  at  wavelengths  20  nm  shorter  and  longer 
than  the  maximum.  From  these  traces,  the  anisotropy,  R(t),  is 
calculated  from  the  equation 

=  /par(0  -  G/per(0 

7par(0  +  2G7per(0 

where  the  G  factor,  which  accounts  for  difference  in  sensitivity 
of  the  instrumentation  to  parallel  and  perpendicular  polarization, 
was  determined  to  be  0.95. 

C.  Quantum  Chemistry  Calculations.  Adiabatic  TD-DFT65,66 
in  the  Kohn— Sham  (KS)  form  is  currently  the  method  of  choice 
for  calculating  the  excited-state  structure  of  large  organic 
molecules.67,68  TD-DFT  extensions  for  the  calculations  of 
molecular  nonlinear  optical  properties  have  been  suggested 
based  on  the  residues  of  the  quadratic  response  functions  for 
TPA69  and  on  the  quasiparticle  formalism  of  the  TD-KS 
equations  for  arbitrary  frequency-dependent  nonlinear  optical 
polarizabilities. 69-71  Subsequently,  the  latter  approach  was 
applied  to  calculate  one  photon  absorption  (OPA)  and  TPA 
properties  of  several  families  of  donor/acceptor  substituted 
conjugated  organic  dyes  and  branched  structures.28,72-77  Excel¬ 
lent  quantitative  performance  of  TD-DFT  based  on  hybrid 
functionals  have  been  shown  for  both  OPA  and  TPA  responses. 


Excited-State  Structure  of  Oligothiophene  Dendrimers 

In  this  study,  linear  and  two-photon  absorption  spectra  of  a 
series  of  oligothiophen  dendrimers,  shown  in  Figure  1,  have 
been  modeled  with  the  method  described  above.71'72  78  Ground- 
state  geometry  optimizations  have  been  performed  at  the 
Hartree— Fock  (HF)  level  of  theory.  6-3 1G  basis  set  was  used 
for  all  calculations.  According  to  our  previous  studies,  this  level 
of  theory  is  sufficiently  accurate  to  describe  the  geometry  of 
the  smaller  organic  chromophores  and  large  branched  structures 
acceptably  well.72’73'75  The  excited-state  electronic  structure  of 
all  molecules  was  calculated  with  the  TD-DFT  formalism 
implemented  in  the  Gaussian  03  and  Gaussian  09  program 
suites.79  A  total  of  20,  40,  and  60  excited  states,  respectively, 
for  SI,  S2,  and  S3  were  considered  to  calculate  OPA  and  TPA 
responses  based  on  the  Gaussian  output  and  utilizing  the 
modified  collective  electronic  oscillator  (CEO)  code.71,78  Inho¬ 
mogeneous  line  broadening  parameter  for  all  absorption  spectra 
calculations  has  been  fixed  to  T  =  0.17  eV  for  all  chromophores 
based  on  a  typical  line  width  of  respective  experimental 
spectra.31  A  detailed  description  of  the  computational  methodol¬ 
ogy  used  for  this  study  can  be  found  in  refs  72  and  73.  The 
emission  wavelengths  and  oscillator  strengths  have  been  cal¬ 
culated  with  the  TD-B3LYP  method  following  the  TD-HF 
excited-state  optimization.  Thus,  we  use  HF  and  TD-HF 
methods  to  optimize  ground-  and  excited-state  geometries, 
respectively,  and  TD-B3LYP  technique  to  calculate  excited- 
state  manifolds  and  analyze  the  resulting  optical  responses.  This 
combination  is  a  practical  approach  to  bypass  possible  problem 
with  description  of  charge-transfer  excitations  in  TD-DFT, 
which  worked  well  previously  for  a  variety  of  molecular 
systems.28'31-77  It  is  well  established  that  TD-DFT  calculations 
based  on  GGA  and  hybrid  (with  small  fraction  of  orbital 
exchange)  functionals  frequently  result  in  the  appearance  of 
unphysical  charge-transfer  states  in  large  conjugated  molecules 
with  delocalized  wave  functions.  Particularly,  unexpected 
surprises  may  happen  in  the  course  of  excited-state  geometry 
optimizations  (e.g.,  ref  80).  Finally  to  understand  the  nature  of 
excited  states  involved  in  the  linear  and  nonlinear  absorption 
processes,  natural  transition  orbital  (NTO)  analysis  has  been 
performed.81  This  approach  provides  the  most  compact  repre¬ 
sentation  of  the  electronic  transitions  on  terms  of  an  expansion 
into  single  particle  orbitals  by  diagonalizing  the  transition 
density  matrix  associated  with  each  excitation.  Figures  showing 
natural  transition  orbitals  were  built  using  Gaussview  software. 

III.  Results  and  Discussion 

A.  Ground-State  Geometry.  The  chemical  structures  and 
optimized  ground-state  geometries  of  the  molecules  SI— S3 
examined  in  this  work  are  shown  in  Figure  1.  The  first 
generation  of  the  thiophene  oligomers  (SI)  is  substantially 
planar.  With  increasing  number  of  thiophene  units,  the  molecule 
becomes  more  3D-like  forming  bulky  substructure  with  sub¬ 
stantial  conformational  disorder.  The  bithiophene  core  of  the 
larger  dendrimers  maintains  configuration  close  to  planar,  with 
the  7°  distortion  between  the  thiophene  rings.  The  side  chains 
are  turned  by  5 1  and  55°  from  the  central  thiophene  moiety  in 
S2  and  S3,  respectively.  The  average  distortion  angle  in  the 
side  thiophene-chains  is  38°  for  both  S2  and  S3. 

B.  One-Photon  Absorption  (OPA).  The  calculated  and 
experimental  one-photon  absorption  and  emission  spectra  for 
the  molecules  SI— S3  are  shown  in  Figure  3  and  characteristic 
OPA  properties  (energies  and  transition  dipoles)  are  summarized 
in  Table  1.  The  next  generation  of  the  dendrimer,  S4,  consisting 
of  90  thiophene  units,  has  been  synthesized  and  characterized 
experimentally  but  has  not  been  studied  theoretically  due  to  high 
computational  cost.  Both  experimental  and  calculated  absor- 
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Figure  3.  (Top)  Experimental  absorption  and  fluorescence  spectra  for 
dendrimers  SI— S4,  adapted  from  ref  36.  (Bottom)  Calculated  one- 
photon  absorption  spectra  of  molecules  SI— S3.  Absolute  values  of  the 
calculated  oscillator  strengths  are  shown  in  the  lower  panel  as  vertical 
lines.  Calculated  emission  wavelengths  (FL,  with  normalized  intensities) 
are  shown  as  single  peaks  of  the  corresponding  color  and  marker:  SI 
(dark  squares),  S2  (red  circles),  and  S3  (green  triangles). 

bance  spectra  in  Figure  3  have  two  bands  in  the  visible  (around 
3.2  eV)  and  near-UV  energy  regions.  Increasing  size  of  the 
dendrimer  leads  to  a  characteristic  slight  red  shift  of  the  lowest 
absorption  peak  which  is  very  well  reproduced  by  our  compu¬ 
tational  method.  We  also  observe  broadening  on  the  red  edge 
of  the  low  energy  absorption  band,  a  result  that  matches  that 
previously  observed  in  the  thiophene  dendrons37  and  in  a  series 
of  the  functionalized  thiophene-based  dendritic  structures.1  The 
broadening  of  the  red  edge  of  the  peak  has  previously  been 
attributed37  to  absorption  by  linear  chains  of  a- thiophene  units. 
Increasing  chain  length  leads  to  a  red  shift  of  the  absorption 
wavelengths,  subsequently,  the  overall  spectrum  is  a  linear 
combination  of  these  various  absorptions  of  segments. 

While  calculated  absorption  trends  generally  agree  well  with 
the  experimental  observations,  the  absolute  values  of  the 
theoretical  transition  frequencies  are  systematically  underesti¬ 
mated  by  theory.  Indeed,  our  calculations  do  not  account  for 
the  solvent  effects  and  a  variety  of  the  structural  conformations 
that  become  possible  for  larger  dendrimers  at  room  temperature. 
Moreover,  the  absolute  values  of  TD-DFT  transition  energies 
strongly  depend  on  the  amount  of  the  Hartree— Fock  exchange 
added  to  the  DFT  functional.80  An  increase  of  the  orbital 
exchange  fraction  would  lead  to  the  blue  shift  in  the  calculated 
excitation  energies. 

The  natural  transition  orbitals  (NTOs)81  of  the  brightest  OPA- 
active  excited  states  shown  in  Figures  4—6  reveal  the  excited- 
state  nature  and  support  experimental  assignments.  The  lowest 
OPA-active  excited  state  can  be  characterized  as  ji—ji*  transi¬ 
tion  in  the  longest  linear  a-thiophene  chain  with  some  delocal¬ 
ization  over  the  rest  of  the  molecule.  A  red  shift  of  the  absorption 
maxima  is  caused  by  stabilization  of  these  excited  states  due  to 
elongation  of  the  conjugation  length,  an  effect  that  is  well-known 
for  many  conjugated  chromophores  and  polymers,31  in  particular, 
for  thiophene  oligomers.  Elongation  of  the  absorbing  unit  causes 
an  increase  in  the  ground-to-excited-state  transition  dipole 
moment  (Mge)  (see  Table  1),  which  results  in  an  increase  of  the 
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Figure  4.  Natural  transition  orbitals  describing  the  lowest  optimized 
excited  state  (emission),  bright  OPA  states  e  and  e',  and  the  brightest 
TPA  state  E  for  SI  molecule.  The  numbers  in  the  left  column  indicate 
the  corresponding  excited-state  number,  fraction  of  the  NTO  pair 
contribution  into  the  given  electronic  excitation,  w,  excitation  energy 
in  eV,  and  oscillator  strength  for  the  OPA  excitations.  In  the  case  when 
the  NTO  fraction  is  less  than  0.7,  two  NTO  pairs  are  plotted. 

oscillator  strength  for  the  lowest  OPA  transitions  (vertical  lines 
in  the  plot  in  Figure  3b).  As  size  of  the  dendrimer  grows,  the 
torsional  disorder  in  the  molecular  structure  prevents  further 
delocalization  of  the  excitation,  which  leads  to  a  saturation  of 
excitation  energy  value.  Thus,  no  excited  state  is  delocalized 
on  a  linear  chain  with  more  than  8—9  thiophene  units.  This 
result  agrees  well  with  the  previous  studies  on  linear  oligothio- 
phene  chains,  which  show  saturation  of  the  linear  and  nonlinear 
absorption  cross  sections  as  well,  as  the  band  gap  convergence 
for  8—9  unit  long  oligothiophenes.82 

The  transition  frequencies  for  the  second  (near-UV)  absorp¬ 
tion  band  are  more  size-dependent  and  vary  from  from  3.96 
eV  for  SI  to  3.07  eV  for  S3.  The  brightest  peaks  in  this  band 
correspond  to  the  states  mostly  localized  at  periphery  of  the 
dendrimer.  Besides  the  delocalized  nature  of  the  low-lying 
excited  states,  the  spectral  broadening  and  increase  in  absorption 
intensity  is  caused  by  a  sharp  increase  in  density  of  the  excited 
states  (DOES)  with  the  dendrimer  generation.  Since  the  total 
absorption  spectrum  is  roughly  a  linear  combination  of  all 
possible  absorption  features,  an  increase  in  the  amount  of 
optically  allowed  excited  states  will  lead  to  an  additive  increase 
of  the  absorption  cross-section.  The  DOES  is  shown  in  Figure 
3  by  the  vertical  lines.  NTOs  in  Figures  5  (S2)  and  6  (S3) 
illustrate  some  examples  of  the  optically  active  excited  states 
with  some  charge  transfer  character  from  the  side  dendrimer 
branches  to  a  central  unit  (for  example,  state  I4>  for  S2). 
Electronic  transitions  within  the  shorter  dendrimer  branches  as 
well  as  the  interbranch  charge  transfer  also  contribute  to  the 
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Figure  5.  Natural  transition  orbitals  describing  the  lowest  optimized 
excited  state  (emission),  bright  OPA  ( e  and  e')  and  TPA  (E  and  E') 
states  for  S2  molecule.  The  numbers  in  the  left  column  indicate  the 
corresponding  excited  state,  fraction  of  the  NTO  pair  contribution  into 
the  given  electronic  excitation,  w,  excitation  energy  in  eV,  and  oscillator 
strength  for  the  OPA  excitations. 

excited-state  density,  but  they  generally  appear  with  smaller 
oscillator  strength.  Our  calculations  do  not  reproduce  well  the 
observed  band-broadening  as  well  as  the  second  band  maxima 
positions  for  larger  dendrimers.  These  features  arise  from  the 
conformational  disorder  in  larger  structures,  present  at  room 
temperature,  which  we  are  currently  unable  to  address  compu¬ 
tationally.  We  believe  that  this  information  is  a  clue  to 
interpretation  of  the  spectra  for  larger  molecules. 

C.  Fluorescence  and  Photoinduced  Dynamics.  Previously, 
conventional  and  time-resolved  fluorescence  measurements  have 
been  performed37  to  understand  photoinduced  dynamics  and 
vibronic  excited-state  relaxation.  Here  we  will  review  the 
fluorescence  experimental  findings  and  relate  them  to  the 
theoretical  data.  Experimental  and  calculated  emission  maxima 
are  compared  in  Figure  3.  A  distinct  red  shift  with  increasing 
dendrimer  generation  have  been  experimentaly  attributed  to 
emission  from  the  longest  a-thiophene  chain.  Previous  experi¬ 
ments  on  thiophene  dendrons  have  also  shown  this  behavior. 
The  trends  in  the  vertical  emission  frequencies  obtained  from 
TD-DFT  calculations  are  shown  in  Figure  3b  and  summarized 
in  Table  1.  NTOs  for  the  optimized  first  excited  state  for  SI— S3 
dendrimers  are  shown  in  Figures  4—6,  respectively.  Optimiza¬ 
tion  of  the  lowest  singlet  excited-state  geometry  indeed  leads 
to  planarization  of  one  of  the  a-thiophene  chains,  which  is 
typically  accompanied  by  increased  distortions  in  the  rest  of 
the  molecule.  Such  torsional  relaxation  causes  stabilization  of 


Figure  6.  Natural  transition  orbitals  describing  the  lowest  optimized 
excited  state  (emission),  bright  OPA  states  e  and  e',  and  one  of  the 
allowed  TPA  states,  E  for  S3  dendrimer.  The  numbers  in  the  left  column 
indicate  the  excited-state  number,  fraction  of  the  NTO  pair  contribution 
into  the  given  electronic  excitation,  w,  excitation  energy  in  eV,  and 
oscillator  strength  for  the  OPA  excitations.  In  case  when  the  NTO 
fraction  is  less  than  0.7,  two  NTO  pairs  are  plotted. 

the  lowest  (emitting)  excited  state,  as  has  been  observed  in  the 
linear  polythiophenes  and  other  conjugated  polymers, 52-54  and 
can  facilitate  ultrafast  excitation  energy  transfer  to  the  lowest 
excited  state.55  The  calculated  Stokes  shifts  for  the  thiophene 
dendrimers  grow  with  dendrimer  size  being  in  a  perfect 
agreement  with  experimental  data,  but  tend  to  saturate  for  higher 
generations  (0.5,  0.95,  and  1.00  eV  compared  to  experimental 
0.68,  0.97,  and  1.03  for  SI,  S2,  and  S3  molecules,  respectively). 
An  increase  in  the  Stokes  shift  comes  from  the  fact  that 
planarization  of  the  emitting  unit  leads  to  a  more  effective 
excited-state  energy  stabilization  compared  to  the  distorted 
a-thiophene  chain. 

The  observed  elongation  and  planarization  of  the  emitting 
a-thiophene  chain  results  in  an  increase  of  the  excited-to- 
ground-state  transition  dipole  moment  (M*eg).  Remarkably,  for 
the  SI  transition  dipole  moment  at  the  excited-state  geometry 
grows  by  a  factor  of  2  compared  to  its  value  at  the  ground- 
state  geometry.  However,  such  increase  in  the  transition  dipole 
moment  saturates  when  the  size  of  excitation  reaches  7—8 
thiophene  units.  Therefore,  the  relative  increase  in  the  transition 
dipole  moment  due  to  conformational  relaxation  decreases  for 
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Figure  7.  Singlet  (S)  and  triplet  (T)  excitated  state  energies  of  SI— S3 
dendrimers  calculated  for  the  ground-state  (A)  and  excited-state  (B) 
optimized  geometries.  Arrows  schematically  represent  vibronic  relax¬ 
ation  for  the  lowest  excited  state.  Only  a  few  lowest  excitations  are 
shown. 

higher  dendrimer  generations.  Despite  the  decrease  in  the 
transition  frequency,  the  enhanced  transition  dipole  moment  for 
the  emitting  state  should  potentially  lead  to  faster  radiative  decay 
rates.  However,  experimental  data  shows  a  decrease  in  the 
fluorescence  quantum  yield  for  larger  dendrimers.  This  trend 
may  be  caused  by  a  concomitant  increase  in  the  nonradiative 
decay  rate  due  to  internal  conversion  to  nonemissive  singlet 
states83  or  intersystem  crossing  to  the  triplet  state  manifold.  In 
particular,  the  effective  intersystem  crossing  in  linear  a-oligo- 
thiophenes  has  been  discussed  in  earlier  studies84-86  and  recently 
was  found  to  be  an  effective  nonradiative  relaxation  pathway 
for  the  macrocyclic  thiophene-derivatives.7  In  our  case,  such  a 
scenario  is  further  justified  by  the  fact  that  for  larger  dendrimers, 
the  vibrational  excited-state  conformational  relaxation  requires 
more  time  due  to  the  increased  length  of  the  a-thiophene  chain. 
To  check  this  hypothesis,  a  triplet-state  analysis  have  been 
performed  for  all  dendrimers.  Figure  7  illustrates  the  excited- 
state  diagram  for  the  manifold  of  singlet  and  triplet  excited  states 
for  the  initial  ground-state  geometry  (A)  and  relaxed  excited- 
state  geometry  (B).  The  calculations  clearly  show  that  the 
density  of  triplet  states  in  the  vicinity  of  the  lowest  singlet 
excited  state  grows  with  dendrimer  generation.  Moreover,  as  is 
clearly  seen  from  the  excitation  scheme  in  Figure  7,  the  number 
of  triplet  states  that  intersect  the  potential  energy  surface  for 
the  lowest  singlet  excited-state  relaxation  (schematically  shown 
with  the  arrows)  dramaticaly  increases  with  the  size  of  thiophene 
molecule.  Since  the  intersystem  crossing  depends  on  the  overlap 
between  the  vibrational  wavepackets  of  the  singlet  and  triplet 
excitations  as  well  as  the  value  of  spin— orbit  coupling,  the 
probability  of  singlet— triplet  transition  (and  nonradiative  decay 
rate)  should  significantly  grow  with  dendrimer  size. 

Theoretical  findings  about  excited-state  delocalization  and 
relaxation  stand  along  with  the  time -resolved  fluorescence 
anisotropy  (upconversion)  measurements,  which  are  summarized 
in  Figures  8—9.  The  short-time  decay  of  S3  along  with  the 
instrumental  response  function  (IRF)  is  shown  in  Figure  8. 
Short-  and  long-time  anisotropy  decay  traces  are  plotted  in 
Figure  9a, b,  respectively.  For  the  SI  dendrimer,  a  fast  decay 
on  the  order  of  500  fs  is  observed,  but  this  does  not  significantly 
decrease  the  anisotropy  of  the  system;  a  long  time  component 
on  the  ~50  ps  time  scale  provides  the  main  contribution  to  the 
decay.  In  the  cases  of  S2,  S3,  and  S4  dendrimers,  a  decay  on 
approximately  the  same  time  scale  as  the  instrument  response 
function  provides  a  substantial  contribution  to  the  overall 
anisotropy  decay. 
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Figure  8.  Short-time  scale  fluorescence  kinetics  of  the  thiophene 
dendrimer  S3  after  excitation  with  400  nm  light.  Collection  wavelength 
corresponded  to  fluorescence  at  570  nm,  which  is  the  one-photon 
fluorescence  maximum. 
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Figure  9.  (A)  Short-time  anisotropy  decay  traces  for  the  various 
dendrimer  generations.  (B)  Long-time  anisotropy  decay  traces  for  the 
various  dendrimer  generations.  Data  plotted  was  collected  at  the 
wavelength  corresponding  to  the  respective  fluorescence  maximum  of 
the  dendrimer. 


Figure  10.  Experimental  (top  panel)  and  calculated  (bottom  panel) 
two-photon  absorption  spectra  for  thiophene  dendrimers  SI— S4 
(adapted  from  ref  36)  (SI— S3  for  the  calculations)  in  the  energy  region 
from  700  to  850  nm  (1.46—1.77  eV).  The  lowest  plot  shows  the 
calculated  density  of  excited  states  (DOES)  that  dramatically  increases 
for  higher  dendrimer  generations.  Calculated  spectra  use  a  line 
broadening  parameter  of  0.17  eV  consistent  with  experimental  spectra. 


TABLE  2:  Two-Photon  Absorption  Properties" 


material 

fftheor 

tjfp 

Eptor 

crg>eor 

at  748  nm,  GM 

at  800  nm,  GM 

eV  (nm) 

GM 

SI 

247 

6 

1.97  (630) 

180 

S2 

947 

230 

2.07  (600) 

1230 

S3 

2657 

620 

S4 

1130 

°  Experimental  and  calculated  TPA  cross  sections  at  the  first 
(ff|xp,  ofeor)  absorption  maxima  (observed  at  ~800  nm 
experimentally  and  ~748  nm  by  the  calculation);  calculated 
transition  energies  (E£-eor)  and  TPA  cross  sections  (o*eor)  of  the 
second  TPA  maximum,  E'lpor.  Steady-state  and  two-photon 
absorption  cross  sections  were  measured  previously  and  discussed  in 
refs  36  and  37. 


The  fast  decay  component  can  be  associated  with  the  strong 
intramolecular  interactions  arising  from  the  formation  of  a 
delocalized  excited  state  in  which  the  region  of  delocalization 
is  significantly  larger  than  an  individual  thiophene  unit.  This 
decay  component  is  found  to  become  increasingly  faster  for 
the  higher  dendrimer  generation  as  a  result  of  the  increased 
delocalization  present  in  the  larger  dendrimers.  It  is  seen  (Table 
1)  that  the  residual  anisotropy  decreases  with  increasing 
dendrimer  generation,  suggesting  that  the  excitation  delocal¬ 
ization,  and  hence,  transition  dipole  moment  is  increasing  with 
dendrimer  generation,  which  is  reflected  in  the  enhanced 
absorption  cross-section  observed  in  the  larger  dendrimers.  This 
trend  is  strongly  supported  by  the  NTO  plots  (Figures  4—6) 
and  by  the  data  in  Table  1,  where  u„c  grows  from  8  to  12  D 
when  generation  changes  from  SI  to  S3. 

D.  Two-Photon  Absorption.  Experimental  and  calculated 
two-photon  absorption  spectra  for  dendrimers  SI— S4  in  a  range 
of  700—850  nm  are  shown  in  Figure  10.  TPA  cross  sections 
(TP ACS)  and  excitation  energies  are  summarized  in  Table  2. 
Two  TPA  bands  are  observed  on  the  calculated  spectra.  The 


lowest  band  lies  in  the  region  between  700  and  850  nm,  and  a 
second  TPA  peak  (not  shown)  is  observed  in  the  calculated 
spectra  for  compounds  SI  and  S2  at  630  nm  (1.97  eV)  and  600 
nm  (2.07  eV),  respectively. 

The  distinct  feature  of  all  TPA  spectra  is  substantial  increase 
of  the  TP  ACS  in  a  wide  energy  region  for  larger  dendrimers. 
The  TPA  spectra  are  very  broad  and  do  not  have  well-defined 
maxima.  For  example,  the  TP  ACS  increase  from  approximately 
6  GM  for  SI  to  1120  GM  for  S4  at  800  nm  excitation. 
Comparing  the  thiophene  dendrimers  in  this  work  to  nitrogen- 
centered  and  plain  phenylacetylene  dendrimers  previously 
reported,7,87  the  thiophene  dendrimer  is  found  to  yield  a  larger 
TPA  cross-section  than  the  phenylacetylene  dendrimer  does  for 
a  given  dendrimer  generation.  Recently,  thiophene  macrocycles 
have  been  reported7  to  have  TPA  cross  sections  of  104 — 10  GM 
with  TPA  cross  sections  per  thiophene  group  of  102— 10  GM. 
The  thiophene  dendrimers  reported  here  are  found  to  have  a 
smaller  TPA  cross-section  per  subgroup  compated  to  the 
macrocycles.  However,  the  dendrimer  architecture  may  have 
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number  of  thiophene  units 

Figure  11.  Calculated  and  experimental  TPA  cross  sections  normalized 
by  a  number  of  thiophene  units  in  the  dendrimer  plotted  against  the 
number  of  thiophene  units.  Theoretical  results  show  a  very  good 
agreement  with  the  experimental  data,  although,  the  TPA  cross-section 
absolute  values  are  overestimated  by  the  theory.  For  the  eye-guidance, 
the  black  curve  shows  theoretical  data  with  all  TPA  values  shifted  down 
by  a  constant  C  —  40  GM.  Experimental  results  shown  here  have  been 
reported  in  ref  37.  The  normalized  experimental  TPA  cross-section 
value  for  S4  dendrimer  is  ~13.3  GM  (not  shown  here). 

greater  potential  in  energy  transport  applications  due  to  the 
ability  of  branch-core  systems  to  funnel  energy.  Theoretical 
results  provide  the  TP  ACS  for  the  lower  TPA  allowed  excited 
states  at  around  3.3  eV  (which  would  correspond  to  the 
excitation  energy  of  ~750  nm)  growing  from  247  GM  in  SI  to 
2657  GM  in  S3.  Although  the  calculated  TPACSs  are  overes¬ 
timated  relative  to  experiment,  the  trends  are  well-reproduced. 
The  discrepancies  in  the  absolute  cross-section  values  can  arise 
from  the  underestimated  solvent  effects,  local  held  factor,31  and 
geometry  deformations  at  the  room  temperature. 

To  analyze  the  two-photon  absorbance  growth  with  the 
dendrimer  generation.  Figure  11  shows  the  variation  of  the 
TP  ACS  at  1.66  eV  (absorption  maximum)  normalized  per 
number  of  thiophene  units  against  the  dendrimer  size,  compared 
to  the  respective  experimental  values  at  1.57  eV  (800  nm).  The 
absolute  values  of  the  calculated  cross  sections  and  the  values 
uniformly  shifted  by  40  GM  are  included  to  trace  the  agreement 
between  experimental  and  theoretical  data.  While  the  overall 
TPACS  of  the  material  increases  with  dendrimer  generation, 
the  TPACS  per  thiophene  unit  saturate  for  S3— S4  in  experiment 
and  converges  to  approximately  13  GM/thiophene  unit  value. 
In  the  calculations,  we  still  observe  a  weak  increase  of  the 
TPACS  per  thiophene  unit  when  going  from  S2  to  S3  (Figure 
11),  since  in  our  modeling  we  do  not  account  for  additional 
disorder  effects  arising  from  the  solvent  dynamics  at  room 
temperature  in  experimental  conditions.  Thus,  the  cooperative 
enhancement  in  the  material  becomes  less  effective  as  the 
number  of  thiophene  groups  increases. 

NTOs  for  the  selected  excited  sates  contributing  to  the  TPA 
spectra  (Figures  4—6)  show  delocalized  character  of  the  electron 
and/or  hole  orbitals  and  a  more  pronounced  charge-transfer 
character,  as  compared  to  the  OPA  excited  states.  The  lowest 
TPA  allowed  excited  state  in  SI  involves  transition  of  an 
electron  from  the  peripheral  branches  to  the  core  of  the 
dendrimer.  The  excited-state  parity  selection  rules  (even  parity 
ji—jt*  transitions  for  the  TPA  vs  odd  parity  for  the  OPA-allowed 
excited  states)  are  maintained  for  the  lower  dendrimer  genera¬ 
tions.  However,  in  higher  generations  (S2,  S3)  a  new  TPA- 
allowed  state  emerges  at  lower  energies  (~3.25  eV),  which 
involves  a  collective  excitation  from  the  dendrimer  core  to  the 
peripheral  branches.  Moreover,  increased  torsional  disorder  in 
the  S3  molecule  leads  to  breakage  of  the  strict  symmetry 
selection  rules,  which  causes  mixing  between  OPA  and  TPA 
states.  As  a  result,  the  lowest  excitations  in  S3  become  partially 
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accessible  through  both  linear  and  two-photon  mechanisms. 
Increased  density  of  the  partially  TPA-allowed  excitations  leads 
to  the  collective  increase  in  the  TPACS  in  a  whide  spectral 
window.  However,  as  the  generation  grows,  the  geometry 
becomes  more  and  more  distorted  thus  preventing  further 
excited-state  delocalization.  Therefore,  the  TPA  enhancement 
in  S4  dendrimer  is  additive  rather  then  cooperative. 

III.  Conclusion 

In  conclusion,  excited-state  structure  underlying  linear  and 
two-photon  absorption  properties  of  oligothiophene  dendrimers 
proposed  for  the  entangled  TPA  measurements  have  been 
studied  experimentally  and  theretically.  Our  combined  inves¬ 
tigation  consistently  shows  the  systematic  increase  of  excitation 
delocalization  with  thiophene  dendrimer  generation,  which 
indicates  significant  potential  of  these  materials  for  efficient 
light-harvesting  devices. 

We  observe  several  general  features  of  the  absorption  spectra 
for  the  larger  dendrimers.  Spectral  broadening  in  the  red  region 
of  absorption  spectra  have  been  attributed  to  the  increase  of 
excited-state  density  with  different  degrees  of  excitation  delo¬ 
calization  responsible  for  the  bright  peaks  in  the  spectra. 
Conformational  distortions  in  the  molecular  geometry  of  larger 
dendrimers  lead  to  partial  mixing  of  one-  and  two-photon- 
allowed  excited  states  and,  therefore,  to  the  increase  in  measured 
TPA  cross  sections.  Cooperative  TPA  intensity  is  observed  due 
to  delocalization  of  excitation  in  both  OPA  and  TPA  processes. 
To  summarize  the  effect  of  the  dendrimer  size  on  the  enhance¬ 
ment  of  TPACS,  there  are  two  factors  that  are  responsible  for 
the  growth  of  TPA  intensity  in  higher  generations  of  thiophene 
dendrimers:  (i)  the  increase  of  the  excited-state  delocalization 
with  the  number  of  thiophene  units  and  (ii)  increased  density 
of  the  TPA-allowed  excited  states.  The  first  effect  saturates  at 
higher  generation  due  to  restricted  excited-state  delocalization 
as  a  result  of  the  conformational  disorder.  The  second  effect 
continues  to  grow  with  increasing  size  of  the  dendrimer  and 
results  in  an  additive  increase  of  the  TPACS. 

Fluorescence  upconvergence  experiments  and  TD-DFT  cal¬ 
culations  of  excited-state  relaxation  reveal  the  following  genera¬ 
tion-dependent  photoinduced  dynamics.  Upon  excitation,  a 
manifold  of  moderately  delocalized  singlet  states  is  reached, 
which  rapidly  (within  tens  of  femtoseconds)  relaxes  to  the  lowest 
excited  state.  The  latter  is  mostly  delocalized  over  the  longest 
quasi-linear  a-thiophene  chain,  which  can  be  distorted,  but 
nevertheless  it  preserves  jr-congugation  supporting  delocaliza¬ 
tion.  This  is  followed  by  a  slow  (ps  scale)  vibronic  relaxation 
involving  planarization  of  this  a-thiophene  segment,  which  then 
can  emit  radiatively.  Significant  generation-dependent  Stokes 
shift  is  observed,  which  grows  and  saturates  when  the  effective 
exciton  length  of  the  emitting  chain  reaches  up  to  7—8  thiophene 
units. 

For  larger  dendrimers,  the  decrease  in  the  fluorescence 
quantum  yield  is  explained  by  an  increase  in  the  nonradiative 
decay  rate  due  to  higher  probability  of  intersystem  crossing  to 
the  triplet  states.  Such  intersystem  crossing  is  more  probable 
in  higher  dendrimer  generations  due  to  increased  density  of 
triplet  states  in  the  proximity  to  the  lowest  singlet  excited-state 
energy  region. 
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